We have previously developed an oncolytic herpes simplex virus-1 based on a clinical virus isolate, which was deleted for ICP34.5 to provide tumor selected replication and ICP47 to increase antigen presentation as well as tumor selective virus replication. A phase I/II clinical trial using a version of this virus expressing granulocyte macrophage colony-stimulating factor has shown promising results. The work reported here aimed to develop a version of this virus in which local tumor control was further increased through the combined expression of a highly potent prodrug activating gene [yeast cytosine deaminase/uracil phospho-ribosyltransferase fusion (Fcy::-Fur)] and the fusogenic glycoprotein from gibbon ape leukemia virus (GALV), which it was hoped would aid the spread of the activated prodrug through the tumor. Viruses expressing the two genes individually or in combination were constructed and tested, showing (a) GALV and/or Fcy::Fur expression did not affect virus growth; (b) GALV expression causes cell fusion and increases the tumor cell killing at least 30-fold in vitro and tumor shrinkage 5-to 10-fold in vivo; (c) additional expression of Fcy::Fur combined with 5-fluorocytosine administration improves tumor shrinkage further. These results indicate, therefore, that the combined expression of the GALV protein and Fcy::Fur provides a highly potent oncolytic virus with improved capabilities for local tumor control. It is intended to enter the GALV/Fcy::Fur expressing virus into clinical development for the treatment of tumor types, such as pancreatic or lung cancer, where local control would be anticipated to be clinically advantageous. (Cancer Res 2006; 66(9): 4835-42) 
Introduction
The use of replication competent viruses is an attractive strategy for tumor therapy because the virus can replicate and spread in situ, exhibiting oncolytic activity through a direct cytopathic effect (reviewed by ref. 1). Tumor selectivity is an inherent property of some viruses, such as autonomous parvoviruses and reoviruses (2) , whereas for other viruses, such as herpes simplex virus (HSV), the property of tumor selectivity can be genetically engineered (3) (4) (5) .
Mutants of HSV, in which both copies of the gene encoding ICP34.5 are inactive, replicate selectively in tumors (6, 7) . Infection of cells with wild-type HSV-1 reduces antigen expression on the cell surface through the expression of ICP47, which inhibits the transporters associated with antigen presentation (8, 9) . Therefore, deletion of ICP47 would be expected to increase the antitumor immune response in the presence of HSV. Deletion of ICP47 also places the Us11 gene under immediate-early promoter control, which enhances growth of HSV ICP34.5 mutants in tumor cells (10) (11) (12) . We have produced an oncolytic HSV-1 based on a low passage clinical isolate of the virus (strain JS1), in which ICP34.5 and ICP47 are deleted and showing improved tumor shrinkage properties compared with previous viruses (13) . A version of this virus expressing granulocyte macrophage colony-stimulating factor (GM-CSF; OncoVEX GM-CSF ) has been tested in a phase I clinical trial by direct injection into a number of cutaneous tumor types, with promising results, 3 and has now entered phase II studies. It has been shown previously that expression of the membrane glycoproteins of measles virus and gibbon ape leukemia virus (GALV) can kill cells by fusion into large multinucleated syncytia (14, 15) . Here, the GALV protein was artificially truncated by removing 16 amino acids in the transmembrane R-peptide, which normally serves to restrict fusion of the envelope until it is cleaved during viral infection. This renders the protein constitutively highly fusogenic in human tumor cells (16) . Early attempts to produce viral vectors based on adenovirus, retrovirus, and lentivirus, encoding GALV env RÀ failed because rapid cell fusion inhibited vector replication (16) , whereas expression from a first-generation oncolytic HSV was found to be possible (17) .
Suicide gene therapy is the delivery of genes encoding prodrugconverting enzymes to cancer cells to locally convert a nontoxic prodrug into an active chemotherapy agent, thereby limiting systemic toxicity. A commonly used enzyme/prodrug combination is the Escherichia coli or yeast cytosine deaminase (CD) enzyme, which converts inactive 5-fluorocytosine (5-FC) to active 5-fluorouracil (5-FU). Combined expression of CD with the E. coli or yeast uracil phosphoribosyltransferase (UPRT) enzyme has been shown to markedly increase antitumor effects of 5-FC/CD by removing an otherwise rate-limiting enzymatic step (18) .
Following the promising clinical results with OncoVEX GM-CSF , the current study aimed to develop a further virus based on this backbone, in which local control effects were enhanced through the expression of the GALV fusogenic glycoprotein and a CD/UPRT fusion gene (Fcy::Fur). This would be combined with the administration of 5-FC. Here, it was hoped that GALV expression and 5-FC conversion would individually increase the therapeutic effects observed, and that combined expression of GALV with CD would serve to aid the spread of the activated prodrug through the tumor due to the cell fusion effects. This, it was hoped, may be particularly useful where local tumor control is the primary aim of therapy (e.g., in the treatment of primary lung and pancreatic cancers, colorectal liver metastases, and glioma). Such a virus might also be particularly useful in combination with radiotherapy, as CD expression/5-FC administration is known to be a radiosensitizing treatment regime.
Materials and Methods
All cell lines were obtained from either the American Type Culture Collection (Rockville, MD) or the European Collection of Animal Cell Cultures (Salisbury, United Kingdom) and were grown at 37jC in recommended media under a humidified atmosphere of 5% CO 2 . The following cell lines were used: A549, BHK-21 (clone 13), BXPC-3, CALU-1, CAPAN-1, Colo 205, HCT116, HT1080, HT-29, H460, MIC PACA-1, PANC-1, SW620, 9L LacZ.
Construction and characterization of viral vectors. The production of the oncolytic vector OncoVEX was described by Liu et al. (ref. 13 ; Fig. 1 ). The GALV env RÀ and Fcy::Fur genes were cloned into an ICP34.5 shuttle vector. The GALV env RÀ (Genbank accession no. NC_001885; 5,552-7,555 bp) was obtained by reverse transcription-PCR from a viral producer cell line (MLV 144; ref. 19 ) using primers gs11 (5-CTCGCGGCCGCTTAACATGCACT-TATCCTATC-3) Eco RI and gs15 (5-GAGGAATTCGAGATGGTATTGC-TGCCTGGGTCC-3) NotI. When sequenced, the envelope showed 99% identity to Delassus et al. (20) sequence. The envelope (GALV env RÀ) was cloned into pcDNA3. To aid cloning, a NotI site was removed from pcDNA3 GALV env RÀ by digestion using NotI, blunting with T4 DNA polymerase and followed by religation. The cytomegalovirus (CMV) GALV env RÀ pA cassette was subcloned into pGEM T Easy (Promega, Madison, WI) by PCR using primers gs17 (5-GAATCTGCTTAGGGTTAGGCG-3) and gs18 (5-AGCCCACCGCATCCCCAGCAT-3). Finally CMV GALV env RÀ pA was subcloned into the final shuttle vector p-34.5 that is based on pSP72 (Promega) and contains two flanking regions on either side of the HSV-1 ICP34.5 gene (nucleotides 123462-124958 and 125713-126790 bp from HSV-1 strain 17+ Genbank X14112). The Fcy::Fur gene was removed from pORF Fcy::Fur (Invivogen, San Diego, CA) as a NheI and NcoI fragment, blunted with T4 polymerase, and then subcloned into pRcRSV (Invitrogen, San Diego, CA), which had previously been cut with XbaI and HindIII and also blunted with T4 DNA polymerase. The Rous sarcoma virus (RSV) Fcy::Fur pA cassette was then cut out of pRcRSV Fcy::Fur as a PvuII-NruI fragment and subcloned into the shuttle vector p-34.5, which had been cut with NotI and blunted with T4 polymerase.
A ICP34.5 double-cassette shuttle vector was produced to express GALV and Fcy::Fur from the same site. pcDNA3 (Invitrogen) was digested with PvuII, blunted, and ligated to a self-reverse complementing oligonucleotide [Nhe I-Hpa I-NheI (NHN)NHN, GCTAGCGAATTCGCTAGC] to generate pcDNA3NHN. pcDNA3NHN (3.3 kb) is significantly smaller than pcDNA3 (5.4 kb) as the two PvuII DNA fragments containing SV40 promoter, neomycin gene, and the SV40 polyadenylation signal have been removed. pcDNA3NHN was digested with HindIII and XbaI and ligated to a linker (LK2) to generate pcDNA3NHNLK2. The multiple cloning sites (MCS) of pcDNA3NHN were replaced by the sequence of LK2 that consists of two complementing oligonucleotides: HBPXX2 (AGCTGGATCCATCGATCACG-TGCAATTGCTCGAG) and HBPXX2B (CTAGCTCGAGCAATTGCACGT-GATCGATGGATCC). pRcRSVLK1 is the pRcRSV (Invitrogen)-derived plasmid, in which the MCS were replaced by a linker (LK1, HindIII-NotIPme I-PstI-Xba I). LK1 consists of two oligonucleotides: linker1HPX1 (AGCTTGCGGCCGCGTTTAAACCCTGCAGGT) and linker1HPX2 (TAGACCTGCAGGGTTTAAACGCGGCCGCA). pRcRSV was digested with HindIII and XbaI and ligated with LK1 to form pRcRSVLK1. The expression cassette containing the RSV promoter, LK1, and BGHpA was cut from pRcRSVLK1 with NruI and PvuII and blunt ligated into the NruI site of pcDNA3NHNLK2. The newly generated plasmid was named pDCdoubleBGHpA. pDC was generated by replacing the BGHpA downstream of RSV promoter with a LacZpA. The LacZpA was amplified by with Taq DNA polymerase (Promega) and primers LZPAF1 (CATATCTAGATAA-TAACGGGCAGGCCATGTCTGC) and LZPAR1 (ACAGATCTAAGTCGACA-CAAACCACAACTAGAATGC). The template used for PCR was pDeltaICP4CMVRSVPR19. The PCR product was cut with BglII and XbaI and inserted in the BglII and XbaI sites of pDCdoubleBGHpA to replace the BGHpA. This plasmid was called pDC. The double cassette was inserted into the shuttle vector p-34.5 in two steps. First, the double cassette was cut out from pDC (HpaI/BglII) followed by T4 DNA polymerase treatment to facilitate the blunt-end cloning. This DC fragment was then inserted into p-34.5 NotI site treated with T4 DNA polymerase. For cloning, GALV and Fcy::Fur were cut out from pcDNA3kGALVenvRÀ (EcoRI/Not I) and pORFFcy::Fur (Invivogen; NcoI/NheI), respectively. The fragments were subsequently treated with T4 DNA polymerase to facilitate the blunt-end cloning. The GALV was then inserted into PmlI site under control of CMV and Fcy::Fur into PpmeI site under control of RSV.
The shuttle plasmids were recombined into an oncolytic HSV-1 vector (OncoVEX GFP) by standard calcium phosphate transfection technique. Recombinant viruses were identified by reporter gene transfer and plaque purified. The backbone vector was previously characterized by Southern blot (13) , and the presence of GALV/Fcy::Fur sequences in the HSV-1 genome was detected by PCR.
Production of high-titer stock of recombinant vector. Roller bottles (10 Â 850 cm BHK cells in 100 mL of FGM per roller bottle. Each roller bottle was gassed with CO 2 (BOC, Guildford, United Kingdom) for 1 minute, and the cells were incubated at 37jC/0.5 rpm until the BHK cells had grown to 80% confluency. The cells were infected at an multiplicity of infection (MOI) of 0.01 with a submaster stock of virus in a total volume of 50 mL per roller bottle of FGM. The cells were then incubated at 32jC/0.5 rpm for 3 to 5 days until complete CPE was observed. The infected cells were harvested by aspiration after vigorous shaking of the roller bottle and were then frozen overnight at À80jC. Following thawing at room temperature the cellular debris was then pelleted by centrifugation at 3,000 rpm (1,350 Â g ) for 30 minutes at 4jC. The supernatant was filtered through a sterile capsule pore size 0.65 F 0.45 Am (Sartobran 300, Sartorius, Edgewood, NY) using a Whatson Marlow pump and Marprene tubing. The virus particles were pelleted by centrifugation at 12,000 rpm (21,700 Â g ) for 2 hours at 4jC, upon which the supernatant was removed, and 1 mL DMEM was added. The viral pellets were resuspended gently by shaking at 4jC overnight. The titer of the resuspended virus was determined using the standard viral plaque assay.
In vitro GALV dose response assay. Test cells were plated at 1.25 Â 10 5 per well of a 24-well tray and incubated at 37jC/5% CO 2 o/n. The FGM was removed, and 200 AL of OncoVex GALV/CD or OncoVex at MOIs of 0.0001, 0.001, 0.01, and 0.1 in DMEM were added. This was then incubated at 37jC/ 5% CO 2 for 1 hour. The virus dilutions were removed and replaced with 1 mL FGM. This was then incubated at 37jC for 48 hours. The cells were washed twice with 1 mL of PBS and then fixed in 1 mL of 0.1% glutaldehyde (Sigma, St. Louis, MO) in PBS for 10 minutes at room temperature. The cells were washed twice again and stained with 0.1% Crystal Violet, 20% ethanol in PBS for 10 minutes at room temperature. Excess stain was removed with H 2 O, and the plates were allowed to dry. The cells were then digitally photographed using an inverted microscope (Nikon Eclipse TE200) and Lucia Image (MV-1500 version 4.6). Quantification was carried out by cell counting on four separate fields of view for each cell line, and the results were compared using the Student's t test.
Prodrug-activating assay. HT1080 or BHK cells were plated at 1 Â 10 5 per well of a 24-well tray and incubated at 37jC/5% CO 2 overnight. The cells were infected with OncoVEX CD and OncoVEX GALV/CD at an MOI of 0.01 (in 200 AL DMEM); controls included backbone virus and no virus control. After 30 minutes at 37jC/5% CO 2 , the virus was removed, and 1 mL of FGM containing 5-FC (C 4 H 4 FN 2 O; Sigma) at 600 Amol/L was added and incubated for 48 hours at 37jC/5% CO 2 . The cell supernatant was transferred into a fresh tube, and the cell debris was removed by spinning at 1,500 rpm (340 Â g ) for 5 minutes at 4jC. The supernatants were added to a fresh tube and then incubated at 60jC for 10 minutes, to inactivate the virus. The resulting supernatants were allowed to cool to room temperature. Test cells were plated at 1 Â 10 4 per well of a 24-well tray and were incubated at 37jC/5% CO 2 overnight. The heat-treated supernatants were added to the fresh HT1080 cells and incubated at 37jC/5% CO 2 for 72 hours. Prior fixing, the cells were washed twice with 1 mL of PBS and then incubated in 1 mL of 0.1% glutaldehyde (Sigma) in PBS for 10 minutes at room temperature. The cells were washed twice and stained with of 0.1% Crystal Violet, 20% ethanol in PBS for 10 minutes at room temperature. The excess stain was removed with H 2 O, and the plates were allowed to dry. The cells were then digitally photographed using an inverted microscope (Nikon Eclipse TE200) and Lucia Image (MV-1500 version 4.6). Quantification was carried out by cell counting on four separate fields of view, and the results were compared using the Student's t test.
In vivo xenograft tumor models. All experimental procedures were done with the authority of the Home Office, following UK guidelines and in accordance with best animal practice. BALB/c nu/nu mice were obtained from Harlan Laboratories (Indianapolis, IN) at 6 to 8 weeks old. Human Fadu/HT1080 cells were implanted (2 Â 10 6 in 100 AL DMEM) s.c. in the right flank of the animal. Tumors were allowed to develop to an average diameter of f0.4 to 0.6 cm, and the animals were randomized into treatment groups (n = 5 of 7), before vector administration. Virus vectors were diluted in DMEM (Life Technologies) and were injected i.t. [50 AL, 5 Â 10 7 plaque-forming units (pfu)/mL/1 Â 10 7 pfu/mL]. Average tumor diameters were measured using the following formula: average diameter = (length + width + depth) / 3. Statistical analysis was carried out using the unpaired Student's t test.
In vivo toxicology assay. Adult (200-250 g) male Fischer 344 rats (Harlan Laboratories) were inoculated (10 AL of 10 7 pfu/mL) by stereotaxic injection of vector suspensions into the right forebrain. The animals were sacrificed and perfused with ice-cold 4% paraformaldehyde. The resulting rat brains were incubated at 4jC in 30% sucrose solution (in PBS) for 3 to 4 days and then cytosectioned (Leica SM 2000R). The 30-Am sections were then stained with H&E.
In vivo oncolytic/prodrug rat tumor models. Fischer 344 rats (Harlan Laboratories) were treated with 10 mg/kg/d of Neoral (Ciclosporin) for 10 days and were injected with 4 Â 10 6 9L LacZ cells in the right flank on day 6. Tumors were allowed to develop to an average diameter of f0.4 to 0.6 cm, and the animals were randomized into treatment groups (n = 7 of 8), before vector administration. The tumors were injected eight times with 50 AL of 10 7 pfu/mL (5 Â 10 5 pfu) of the viral vectors. Prodrug 5-FC was administered by i.p. injections at 500 mg/kg. 5-FC was dissolved at 12.5 mg/mL in HBSS (Life Technologies). The 16 injections of 5-FC were carried out from days 18 to 47. The volume of 5-FC injected into each rat per kg of body weight is shown below.
Results
Virus construction. The viruses constructed are shown in Fig. 1 . OncoVEX GALV expresses the GALV fusogenic glycoprotein from a CMV promoter; OncoVEX CD expresses the fusion Fcy::Fur gene from an RSV promoter; and OncoVEX GALV/CD expresses both genes in a back to back orientation from CMV and RSV promoters, respectively. In each case, the genes were inserted to replace ICP34.5. Virus structures were confirmed by multiple PCRs, and expression of the GALV protein by phenotypic assay and Fcy::Fur were confirmed by western blot (data not shown). GALV expression does not affect virus replication. Oncolytic viruses are by definition replication competent, and it is, therefore, important that this replication is not impaired if efficacy is to be maintained and virus stocks are to be effectively produced. Cellto-cell fusion with GALV requires expression of the Pit-1 receptor (21), which is not present in rodent cells, such as BHK cells (22) , which are often used to grow stocks of HSV. Thus, growth was not impaired in these cells (Fig. 2) . To address whether GALV-related fusion inhibits HSV replication in other cells, stocks of Onco-VEX GALV and control OncoVEX virus were prepared on HT1080 cells, which do express the Pit-1 receptor that allows GALV-related fusion ( Fig. 2A) . The resulting stocks were replated onto BHK cells, which showed that there was no inhibitory effect of GALV expression on virus replication. Indeed, at the lowest MOI (0.01), cell fusion seemed to increase virus replication up to 10-fold compared with the backbone virus ( Fig. 2A) .
GALV expression causes cell to cell fusion in vitro. A panel of human cancer cell lines was infected with OncoVEX and OncoVEX
GALV to compare plaque morphology. Figure 3A shows that OncoVEX gives a classic HSV-1 cytopathic effect, as would be expected. In contrast, cells infected with OncoVEX GALV showed fusion in the form of large multinucleated syncytia, which were then surrounded with cells showing the more classic HSV-1-mediated effect. BHK cells, which do not express the Pit-1 receptor, are shown for comparison. Results were similar in a wide range of tumor cell lines, including fibrosarcoma (HT1080 cells), colon carcinoma (HCT 116 cells), colorectal adenocarcinoma (COLO 205 cells; data not shown), pancreatic adenocarcinoma (CAPAN-1 cells), pancreatic carcinoma (MIA PACA-2 cells; data not shown), and glioblastoma astrocytoma (U87-MG cells; data not shown).
GALV expression improves the dose response in vitro. To test for improved tumor cell killing effects in vitro, HT1080 ( fibrosarcoma) cells were infected with OncoVEX or OncoVEX GALV at a range of MOIs. OncoVEX GALV showed considerably greater cell killing than the backbone vector alone at all MOI, estimated to be >20-fold compared with the OncoVEX control (Fig. 3B) (CAPAN-1) , lung epidermoid carcinoma cells (CALU-1), and glioblastoma astrocytoma cells (U87-MG), was infected in a similar manner. This showed that cell lines derived from a wide range of human cancers are killed more effectively by OncoVEX GALV compared with the backbone vector (Fig. 3C) , which was further quantified in Fig. 3D , showing a 5-to 30-fold enhancement. Interestingly, although HT-29 colorectal adenocarcinoma cells did not show a fusogenic plaque morphology when infected with OncoVEX GALV (data not shown), there was still a 5-to 10-fold increase in cell killing with OncoVEX GALV compared with the empty OncoVEX backbone alone.
GALV expression improves the dose response in vivo. Human cells express the Pit-1 receptor to which the GALV glycoprotein binds (21) , but a homologous receptor is not present on mouse cells (22) . Therefore, in vivo studies were carried out using xenograft nude mouse models and human tumor cells. Human squamous cell carcinoma cells (Fadu) or human fibrosarcoma (HT1080) cells were implanted s.c. in the flank of BALB/c nu/nu mice. Tumors were allowed to develop, and the animals were randomized into three treatment groups: backbone vector (OncoVEX), backbone vector expressing GALV env RÀ (Onco-VEX GALV ), and no treatment control, before vector administration; 2.5 Â 10 6 or 5 Â 10 5 pfu of each virus vector was injected i.t. three times. A dose of 2.5 Â 10 6 pfu of OncoVEX GALV does not increase the tumor shrinkage effects of the backbone vector ( Fig. 4A and B) . However, at a 5-fold lower dose (5 Â 10 5 pfu), OncoVEX GALV retains its ability to cause tumor shrinkage, whereas OncoVEX does not (Fig. 4C and D) . Thus, expression of GALV env RÀ improves the dose response to virus injection in terms of tumor killing in vivo.
OncoVEX GALV does not cause cell fusion in normal tissue. The in vivo studies using OncoVEX GALV showed enhanced tumor shrinkage in the presence of GALV env RÀ. An important question was therefore whether this also resulted in increased toxicity to surrounding normal tissue or systemically. Nude mice are not suitable for such experiments as mouse cells are not susceptible to cell fusion as discussed previously. However, rat cells do express a Pit-1 receptor homologue (22) ; thus, rats were used for this study. To confirm fusion in rat cells, two rat glioma cell lines (9L and RG2 cells) were first infected with OncoVEX and OncoVEX GALV . As expected, OncoVEX GALV showed a fusogenic plaque morphology similar to that seen on human tumor cells (data not shown), combined with a similar enhancement in cell killing (Fig. 3C  and D) . ICP34.5À mutants of HSV are usually avirulent following i.c. injection (3, 6, (23) (24) (25) (26) (27) ). Therefore, we tested whether the expression of GALV env RÀ alters this in normal rat brain by stereotaxic injection of OncoVEX GALV/CD into the forebrain. The resulting H&E-stained section showed similar needle track effects in animals injected with either media alone or OncoVEX GALV/CD with no evidence of any viral-or GALV-mediated effects (Fig. 4E) .
Fcy::Fur expression converts 5-FC to 5-FU in vitro. Fcy::Fur is a fusion of two genes CD and UPRT, which metabolizes 5-FC more efficiently than either gene alone (18) . To study the cell killing effects of HSV-expressing Fcy::Fur gene in the presence of 5-FC, HT1080 cells were infected with OncoVEX CD in the presence or absence of 5-FC. The cell supernatants were then heat inactivated to neutralize the virus, allowing the effects of any 5-FU produced to be determined on fresh tumor cells. In the presence of supernatants from cells infected with OncoVEX, no cell death was seen with or without 5-FC (Fig. 5A) . However, in the presence of the supernatant from OncoVEX Fig. 5B and C) .
5-FU production does not inhibit virus replication. The result of 5-FC to 5-FU conversion is inhibition of host DNA replication, which might be expected to also inhibit HSV replication. We, therefore, investigated whether this was the case. BHK cells were infected with OncoVEX CD at various MOI with or without 600 Amol/L 5-FC. The resulting infected lysates were then titered on BHK cells (Fig. 5E ). This showed no significant difference in titer with or without 5-FC, even at an MOI of 0.001 on both cell types tested (Fig. 5E) . Therefore, it seems that the replication of HSV is not inhibited by Fcy::Fur expression and accompanying prodrug conversion. , or media alone. All rats were also administered with 5-FC (500 mg/kg) by the i.p. route. In this tumor model, which is relatively resistant to treatment with oncolytic HSV and the virus dose used, the OncoVEX-treated group in general showed a pattern of tumor growth similar to that of untreated tumors (Fig. 6A) , with only one of six tumors being cured (Fig. 6B) . In contrast, treatment with OncoVEX GALV or OncoVEX CD gave both a considerable reduction in the average tumor diameters (Fig. 6A ) and a considerable increase in the number of tumors cured (Fig. 6B) , which was statistically significant (P = 0.1 and P = 0.008, respectively). Although this was confounded by the fact that some of the animals in the OncoVEX-treated group had to be killed before the end of the experiment due to their tumor size, which artificially reduced the degree of significance seen. By day 50, all animals in the control and OncoVEX groups had been sacrificed as tumors had reached the maximum allowed size. However, OncoVEX GALV had cured 57.0% of the tumors, OncoVEX CD had cured 83% of the tumors, and OncoVEX GALV/CD had cured 100% of the tumors by this time (Fig. 6B) . Thus, expressing GALV env RÀ or Fcy::Fur dramatically increases the efficiency of tumor cure in vivo with oncolytic HSV. Whereas the maximum effects seem to be observed when both genes are expressed together, this difference between combined expression and the expression of each gene individually does not reach statistical significance, although it is notable that it is further only in the OncoVEX GALV/CD group where all tumors are cured.
Discussion
In this study, we sought to develop a versatile oncolytic HSV based on a second-generation oncolytic virus backbone (13) with improved capabilities for local tumor control. The intention was to increase cell killing by expression of the fusogenic GALV glycoprotein, which has previously been shown promising results in preclinical tumor models, and combine this with local conversion of 5-FC to 5-FU by the expression of a highly potent version of CD (Fcy::Fur; ref. 18 ). Here, it was hoped that GALV expression would aid the spread of the activated prodrug through the tumor, increasing therapeutic effects further. Such a virus could, thus, be used for local tumor control either alone, in combination of 5-FC administration, and/or in combination with radiotherapy, as the 5-FC/CD system is known to be a potently radiosensitizing treatment regime. Moreover, whereas not tested here, the virus also naturally expresses thymidine kinase, which when combined with gancyclovir is also known to be radiosensitizing (28) , particularly together with CD/5-FC (29) . Thus, multiple treatment options can be envisaged with such a virus.
To this end, three viruses were produced expressing either a truncated version of the GALV glycoprotein (GALV env RÀ), the yeast Fcy::Fur gene, or both genes together.
The expression of GALV env RÀ increased plaque size and gave a 5-fold to at least 30-fold increase in cell killing in a wide range of tumor cell lines representative of a broad range of potential clinical targets. This included lung cancer, pancreatic cancer, colorectal cancer, and glioma. Unlike when using, for example, adenovirus vectors to deliver the GALV gene (16), virus replication was not inhibited, which may be due to the faster replication time of HSV.
In vivo, in the tumor models tested, improved cell killing as evidenced by tumor shrinkage was again mediated by GALV, with f5-to 10-fold improvement in the dose response to virus treatment. This was further improved by the expression of the Fcy::Fur gene and administration of 5-FC. Importantly, 5-FC to 5-FU conversion also did not inhibit the replication of the virus, which might have been expected to occur. The in vivo experiments were performed in xenograft, nude mouse models, as the GALV protein does not fuse murine cells, and also in immune competent rats, rat cells being susceptible to GALV-mediated fusion. These experiments showed no evidence of toxicity associated with GALV expression, including when the virus was tested by i.c. inoculation in the rat, and a statistically significant benefit to the therapeutic effect was seen with each gene.
Thus, while the GALV glycoprotein has previously been expressed from a first-generation oncolytic HSV (17), the work described here uses a second generation virus in which tumorselective replication is greatly enhanced through its derivation from a clinical isolate of the virus and through the expression of the US11 gene as an immediate-early rather than late gene (13) . The work here also combines GALV expression with prodrug conversion, which gave improved therapeutic effect compared with the use of either approach alone. However, the effectiveness of the individual approaches (giving 57% and 83% tumor cure for Fcy::Fur or GALV expression, respectively, compared with only 16.6% with the backbone vector) prevented a statistically significant improvement with the double approach being reached in vivo, which gave 100% tumor cure. We believe that this virus is highly promising for clinical development for the local control of cancers, such as pancreatic cancer, colorectal liver metastases, lung cancer, or glioma, and might also be combined with other therapies, such as radiotherapy, which would be anticipated from previous work to be synergistic with the prodrug conversion approach.
